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Abstract
Light interactions with colloidal particles can generate a variety of complex three-dimensional
(3D) intensity patterns, which can be utilized for nanolithography. The study of particle–light
interactions can add more types of intensity patterns by manipulating key factors. Here we
investigate a novel 3D nanolithography technique using colloidal particles under two-beam
coherent illuminations. The fabricated 3D nanostructures are hollow, nested within periodic
structures, and possess multiple chamber geometry. The effects of incident angles and particle
size on the fabricated nanostructures were examined. The relative phase shift between particle
position and interference pattern is identified as another significant parameter influencing the
resultant nanostructures. A numerical model has been developed to show the evolution of
nanostructure geometry with phase shifts, and experimental studies confirm the simulation
results. Through the introduction of single colloidal particles, the fabrication capability of
Lloyd’s mirror interference can now be extended to fabrication of 3D nanostructure with
complex shell geometry. The fabricated hollow nanostructures with grating background could
find potential applications in the area of photonics, drug delivery, and nanofluidics.

Keywords: nanolithography, three-dimensional nanostructures, colloids, self-assembly, inter-
ference lithography
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Introduction

Three-dimensional (3D) nanostructures have found many
interesting applications in the area of photonics and plasmonics
[1–5], energy [6, 7], drug delivery [8–13], and others. For
certain applications, different types of nanostructures are
usually needed. For example, drug delivery applications
require hollow nanostructures while photonic applications need
periodic nanostructures. Therefore, a large variety of fabrica-
tion techniques have been developed, and they can be generally
categorized as ‘top-down’ and ‘bottom-up’ techniques. ‘Top-
down’ techniques, such as electron-beam lithography [14],
two-photon polymerization [15–18], and focused ion beam
milling [19], usually require complex hardware systems.
Although complex 3D nanostructures can be fabricated using
these techniques, throughput is relatively low and process can
be costly. In ‘bottom-up’ techniques, colloidal particle self-

assembly can serve as a representative technique with char-
acteristics of low cost and high throughput, and is promising
for scaled-up manufacturing. Colloidal particles can act as
building elements and be assembled into 3D nanostructures
such as opal structures [20]. In addition, colloidal particle
arrays have been used as physical masks for metal-assisted
chemical etching and focusing element for laser ablation [21–
23]. However, the presence of defects and the low variety of
assembly architectures are limiting factors in colloidal particle
self-assembly. Recently, there has been progress in roll-to-roll
coating of colloidal particle assemblies with the potential to
scale up 3D nanostructure fabrication [24].

The combination of ‘top-down’ and ‘bottom-up’ techni-
ques takes advantage of both techniques, and has enabled
more complex nanostructures. In our previous work [25–27],
colloidal particle assemblies were employed as optical phase
masks for 3D nanolithography. For example, regular colloidal
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particle assemblies modulate particle–light interactions and
can produce periodic 3D light distributions by Talbot effects
[25]. Mie scattering of single isolated particles can also be
harnessed to produce normal and oblique ‘nano-volcanoes’
[26, 27]. In addition, 3D nanostructures with complex sym-
metries were achieved using sequential symmetric multiple
exposures. The resultant 3D nanostructures are from the
incoherent summation of light scattering intensity from each
exposure.

In this work, we investigate the particle–light interactions
with coherent two-beam exposures for 3D nanolithography.
In this approach, two mutually coherent laser beams are
illuminated on an isolated sphere to produce a complex
intensity profile. Since the interference pattern of the two
incident beams is periodic in one dimension, the relative
phase between the fringe pattern and colloidal particle posi-
tion becomes an added lithography parameter to determine
resulting nanostructure geometry, in addition to incidence
angle, colloidal particle diameter, and exposure dosage. As a
result of the phase difference, the chamber geometry inside
the 3D nanostructure can be varied. To model the lithography
exposure and predict the fabricated results, a numerical model
has been developed using finite-difference time-domain
(FDTD) simulation and binary resist model [26, 27]. A
Lloyd’s mirror interference lithography system, well known
for the fabrication of 1D and 2D periodic nanostructures with
high resolution [28, 29], provides the coherent two-beam
illuminations. With the incorporation of coherent illumina-
tions, we are able to extend the fabrication capability of
colloidal 3D nanolithography.

Methods

The proposed fabrication process is depicted in figure 1,
where a single isolated colloidal particle is illuminated using a

Lloyd’s mirror interference lithography system. In this setup,
single ultraviolet (UV) illumination is split into two sym-
metric, mutually coherent interfering beams. Without the
presence of the colloidal particle, a periodic sinusoidal
intensity pattern can be generated within the photoresist layer.
The presence of colloidal particles on the photoresist surface
modulates the light intensity distribution locally through light
scattering, as illustrated in figure 1(b) from FDTD simula-
tions. The phase difference between the particle position and
the intensity maximum is denoted by j, which is a key factor
in defining resultant 3D nanostructures.

In all experiments, silicon substrates were used to prepare
for the samples. A thin layer of photoresist (Sumitomo PFI-
88A7) with the thickness of 1 μm was spin-coated on a silicon
wafer to record light intensity pattern. Polystyrene spheres
with 1 and 2 μm diameters (Polysciences, inc. Polybead
Microspheres in 2.5% aqueous solution) were spin-coated on
photoresist with 1000–2000 rpm for 1 min. The resist sample
was dipped in a developer solution (Microposit MF CD-26)
and then in deionized water to treat the surface before
assembly. The exposures were conducted using a Lloyd’s
mirror interference lithography system and a 325 nm wave-
length HeCd laser (KIMMON KOHA., ltd) to create the
desired coherent condition. The samples were exposed with
dosages of 60–100 mJ cm−2, which corresponds to exposure
time in the order of 20–30 min. After exposure, the nano-
spheres were removed by sonication and the photoresist was
developed by immersing into developer solution (Microposit
MF-CD26) for 2 min. The fabricated samples were char-
acterized using a SEM (JEOL 6400 F) for top and cross
section views.

In order to examine the evolution of 3D nanostructures
with different phase shifts, the resultant 3D nanostructures
can be predicted using FDTD simulation combined with
binary resist model [26, 27]. FDTD modeling was performed
using the free, open-source software MEEP [30]. To create

Figure 1. (a) Fabrication process of colloidal interference lithography. (b) FDTD simulation showing a cross section of the 3D intensity
pattern produced by TE-polarized UV light and a single nanosphere for 0 and π phase shifts. Red and white indicate high and low intensities,
respectively.
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two oblique incident sources in the simulation, a periodic
boundary condition was used to capture the interference
between the incident and the reflecting beams. Therefore the
simulation domain must be an integer multiple of the period
of the interference field pattern, determined by the equation,

( )l qL = sin , where L is the period, l is the wavelength,
and q is the incident angle. The electric field resulting from
the FDTD model was then compared to a threshold value to
model a binary photoresist behavior. The intensity values
falling above the threshold were removed to model positive
photoresist, leaving the resulting structure in 3D space. This
3D structure is represented using Matlab’s isosurface and
patch functions, which introduce built-in smoothing based on
the intensity of the remaining values.

The cross-sectional views of the predicted nanostructures
using a positive-tone photoresist for phase shifts from 0 to π

are shown in figure 2. This simulation includes 1 μm diameter
particle and 500 nm grating period, or equivalently, 19.0°
incidence angle for two-beam interference. In the background
outside of the scattering profile, 1D periodic grating are
present as a result of two-beam interference. For figures 2(a)–
(f), the grating sidewalls in the vicinity of the colloidal par-
ticle are modified and become uneven due to the light scat-
tering field from the colloidal particle. Under the colloidal
particle, the coherent summation of the two scattering fields
from the two arms of interference generates a complex
intensity pattern, resulting in hollow 3D nanostructures. The
3D nanostructures resemble the core–shell ‘nano-volcano’
structures in our previous work, but possess additional fea-
tures, such as multiple chambers. At zero phase, the three
maximum intensity lobes from focusing effects and inter-
ference pattern are combined to form a single large chamber.
As the phase shift increases, the chamber geometry gradually
transforms into two separate chambers until π phase shift,

where the interference pattern reaches zero intensity, and the
focusing effect is still present to form two separate chambers.
The observations from simulations will be verified by
experiments, as discussed in the next section.

Results and discussion

The proposed fabrication method takes advantages of the
scattering intensity pattern produced by transverse electric
(TE)-polarized UV light and a single nanosphere. In figure 3,
top and cross-section scanning electron microscope (SEM)
images of the fabricated 3D nanostructures are illustrated with
various combinations of particle diameters and laser incident
angles. In these experiments, the significant parameters are
diameters of particles and period, which can be controlled by
the laser incident angles. Linearly polarized laser with 325 nm
wavelength was utilized to illuminate the particles. In
figures 3(a)–(c), 500 nm period and 1 μm diameter particles
were used, and the laser incident angle was 19.0°. The top
view in figure 3(a) shows two chambers that are created by
two laser beams; it also depicts the π phase shift between
particle and the background grating lines caused by the
interference fringes. The cross-section views of the fabricated
double-chamber structures are shown in figures 3(b) and (c)
with orthogonal cutting directions. The double-chamber
geometry is clearly illustrated with a central separation core,
which is caused by only the focusing effect of the nanosphere.
The double-chamber geometry is also observed in the pre-
dicted structures in figure 2 under π phase shift. More com-
plicated structures can be fabricated using 2 μm diameter
particles with 2 μm period and the laser incident angle of 4.7°,
as shown in figures 3(d)–(e). Different alignments with
grating lines are observed with different resulting structures.

Figure 2. 3D nanostructure prediction using FDTD simulation and binary resist model for phase shifts between 0 and π. The particle diameter
is 1 μm and the background grating period is 500 nm (19.0° incidence angle).
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Due to the larger particle size, the light scattering pattern can
influence larger areas and causes wavy features around the
chambers. Different shapes of structures can be achieved by
simply increasing the laser incident angle, as illustrated when
comparing figures 3(d)–(e) with figure 3(f). By changing the
particle size and incident angle, various types of nanos-
tructures can be demonstrated using this fabrication method.

While the fabricated structures are isolated, regular arrays can
be potentially fabricated using an array of isolated particles
generated through plasma etching of close-packed colloidal
assemblies [26].

There are some design constraints to consider when
selecting particle diameter, illumination wavelength, and
grating period. Since Mie scattering yields the most

Figure 3. Scanning electron micrographs of the fabricated 3D nanostructures with (a)–(c) 500 nm period and 1 μm diameter, (d)–(e) 2 μm
period and 2 μm diameter, (f) 500 nm period and 2 μm diameter.

Figure 4. Scanning electron micrographs of the fabricated nanostructures with 0, π/2, and π phase shifts. Top (a)–(c) and cross section views
(d)–(f) of the fabricated nanostructures with 500 nm period and 1 μm diameter spheres. The insets are predicted nanostructures using FDTD
simulation and binary resist model.
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interesting angular intensity patterns [26], the particle is
typically selected to be similar or slightly larger than the
exposure wavelength. Smaller particles will result in shell-like
geometries, as shown in figures 3(a)–(c), while larger particles
will result in disk-like geometry, as illustrated in figures 3(d)–
(f). The grating period, which depends on illumination
wavelength and incident angle, can then be selected inde-
pendently to incorporate the structure. Further experiments
were focused on 500 nm and 1 μm grating period with 1 μm
diameter nanosphere to examine the phase shift dependence
of the nanostructures.

Based on the location of nanosphere under interference
lithography, different phase shift patterns can be achieved
such as under phase shifts of 0, π/2 and π, as shown in
figure 4. The SEM images show both top views (a), (b), and
(c) and cross-section views (d), (e), and (f) of the 3D
nanostructures with phase shifts of 0, π/2 and π, respectively.
The inset diagrams in figure 4 show the simulated structures.
Figures 4(a) and (d) show only one chamber that is created by
two laser beams. Because the laser intensity is the highest
with zero phase shift, the intensity under the nanosphere is
focused, matching well with figure 2(a). In figures 4(b) and
(e), two unsymmetrical chambers were observed because the
intensity patterns under the nanosphere are not evenly
balanced with π/2 phase shift. In another case, two symmetric
chambers were observed with π phase shift in figures 4(c) and
(f). A separation core is observed in the middle of the
structure that isolates two symmetric chambers as a result of
destructive interference.

Figure 5 shows the fabrication results of 1 μm diameter
spheres and 1 μm period, with the incident angle of 9.4° and
phase shifts of 0, π/2, and π. Similar changes in structures
due to phase shift were expected to be observed; however,
different shapes of structures are fabricated due to the larger
period. Since the laser incident angle is smaller than the
previous experiment, the width of the scattering intensity
patterns under nanosphere is narrower as well. In figure 5(a),
there is one hollow chamber without any complex structures.
For π/2 phase shift, separate chamber cannot be observed.
With π phase shift sample shown in figure 5(f), multiple
chambers and core–shell structures can be generated by using
smaller laser incident angle. In smaller laser incident angles,
the light intensity distribution resembles the normal incidence
case in our previous work, and produce core–shell hollow 3D
nanostructures.

Conclusion

In this work, 3D colloidal interference lithography under
coherent two-beam exposure is proposed, and different
shapes of 3D nanostructures can be fabricated with various
laser incident angles, particle diameters, and phase shifts.
FDTD simulation and binary resist model are used to predict
the fabricated 3D nanostructures, and provide guidance on the
evolution of nanostructures with phase shifts. The scattering
intensity under the nanosphere, which can be controlled by
changing the phase shifts, has a significant contribution to the

Figure 5. Scanning electron micrographs of the fabricated nanostructures with 0, π/2, and π phase shifts. Top (a)–(c) and cross section views
(d)–(f) of the fabricated nanostructures with 1 μm period and 1 μm diameter spheres. The insets are predicted nanostructures using FDTD
simulation and binary resist model.
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different nanostructures, as demonstrated by our experimental
results. The proposed colloidal interference lithography
technique can create both symmetrical and unsymmetrical
nanostructures with multiple chambers. In addition to phase
shifts, the shapes of chambers can also be controlled by laser
incident angle and nanosphere diameter. Future work will
focus on methods to precisely and uniformly control the
nanosphere position in an ordered array to achieve desired
phase shifts and yield different types of structures over large
areas. The fabricated double-chamber nanostructures could
find potential applications in photonics, drug delivery, and
nanofluidics.
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